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I. INTRODUCTION
The total installed wind power world capacity reached 120 GW at the end of 2008 [1] . In recent years, power systems operators have included wind power plants in the transient operation control of the overall power system, as shown in the grid connection requirements (GCR) [2] , [3] . Among the GCR, LVRT requirements demand wind power plants to remain connected when a grid dip occurs, contributing to keep network voltage and frequency stable by delivering active and reactive power to the grid with a specific profile depending on the grid voltage dip depth.
LVRT requirements are shown in Fig. 1 and Fig. 2 . The power generation plant is not allowed to be disconnected from the grid if the line voltage is above the limit curve in Fig. 1 . During the dip, the wind power plant has to inject some quantity of reactive power into the grid according to Fig. 2 ; in order to help the power system to counteract the grid voltage drop. As shown in Fig. 2 , the quantity of reactive power to be injected depends on the percentage of grid voltage reduction during the dip, and the system rated current. For example, the full rated current has to be This work has been supported by grants TEC2005-08042 and TEC2008-01794, Ministerio de Ciencia y Tecnología (Spain), and by grant 2009 BE1 444, Departament d'Universitats, Recerca i Societat de la Informació de la Generalitat de Catalunya (Spain). delivered to the grid as reactive current for dips with a voltage reduction larger than 50%, and no active power is injected into the grid. Therefore, for the duration of the dip, active and reactive power references, this is, current references, have to be set accordingly with the requirement shown in Fig. 2 .
Other challenges the grid converter has to face are the current trends to increase the power rating of the wind turbines and to meet more demanding power quality grid codes. This new trends make the NPC multilevel converter a suitable grid interface for wind power systems [4] , [5] .
This work deals with the grid-side converter of the full power back-to-back NPC converter, which connects a wind turbine to the grid [5] , as shown in Fig. 3 . Generator-side converter and its control have not been considered in this work, as justified in [6] . For the grid-side NPC converter, three control strategies to meet LVRT based on symmetrical components implemented with Linear Quadratic Regulator (LQR) have been compared in [6] , with fast and accurate performance, but it seems that transient operation can be improved. On the other hand, in comparison with well established control techniques, predictive control [7] achieves better dynamic response and reference tracking, working at similar switching frequencies [8] .
In this contribution, the same three control strategies in [6] are applied to the grid-side NPC converter, but implemented with predictive current control [7] - [9] . With this approach, some improvement in the transient operation is found. Dclink neutral point balance is achieved by means of the predictive control algorithm, using the redundant switching states of the NPC converter.
II. MODEL OF THE SYSTEM AND CONTROL METHOD
The system and the control approach considered in this work is shown in Fig. 4 . The dc-link voltage has been assumed constant [6] , [10] , [11] and, subsequently, generator-side and grid-side converter control can be considered decoupled, both in steady-state and transient operation. The current reference calculation is performed using three different ways to meet LVRT requirements [6] , and the predictive current controller guarantees fast and accurate current reference tracking [8] .
A. Current reference calculation
The first method of current reference calculation generates symmetrical and balanced grid currents in all conditions, as the vector current controller with feedforward of negative sequence grid voltage (VCCF) in [12] . Symmetrical and balanced current references are set to meet the requirements in Fig. 2 , and can be easily calculated from the power references.
The second and third type of current reference calculation are as the dual vector current controllers (DVCC) in [12] , and are implemented with the block scheme shown in Fig. 5 
where P and Q are the constant or mean active and reactive power, respectively, while P 2c , P 2s , Q 2c , Q 2s are the second harmonic cosine and sine component of the active and reactive power, terms that appear when the three-phase system is not symmetrical and balanced. Depending on how oscillating active powers are treated in (1), there are two different methods to calculate current references. The active power dissipated in the filter can play a significant role in the current reference calculation [6] . This power presents different terms [12] : constant or average term (2), second harmonic cosine (3) and sine (4) terms.
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The second method (DVCC1) considered here calculates current references (5) by setting active and reactive power references (P* , Q*), and nullifying the oscillating active power delivered to the grid (P 2c * = P 2s * = 0). In this case, the oscillating active power flows between the filter and the dclink. In order to work with an invertible matrix (4x4), oscillating reactive power (Q 2c , Q 2s ) can not be included in the current reference calculation (5). Therefore, oscillating reactive power is not controlled and will flow through the system. 
The third method (DVCC2) calculates the current references (6) by setting active and reactive power references (P* , Q*), and by forcing the oscillating active power demanded by the filter to be delivered from the grid (P 2c * = −∆P 2c ; P 2s * = −∆P 2s ). Then, no oscillating active power flows between the dc link and the filter. 
B. Predictive current control
The predictive current control algorithm is based on the discrete system model
used to obtain predictions for the future value of the line current 
Currents through the capacitors are calculated using the line currents and the present switching state ( i p (k) , i n (k) are the currents through each dc-link capacitor; v p (k) , v n (k) are the dc-link capacitor voltages; C is the capacitance value).
The future value of the line current i(k+1) and the capacitor voltages v p (k+1) and v n (k+1) are predicted for the 27 switching states generated by the NPC inverter shown in Fig. 6 , using the predictive model given by (7) and (8) .
After obtaining the predictions, a quality function g (9) is evaluated for each switching state. The switching state that minimizes g is selected and applied during the next sampling period [13] . The first term in the proposed quality function g (9) is dedicated to achieve reference tracking, and the second term is dedicated to balance the dc-link voltages.
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The weighting factor λ DC handle the relation between both terms within the quality function g. In general, the weighting factor is used to decouple different variables in the quality function that have different units and orders of magnitudes, so they are equally represented (or even represented at will depending on the requirements). In this work, a weighting factor λ DC = 1 has been selected simply to include in the quality function the term dedicated to balance the dc-link voltages. However, a simple and effective method to calculate the weighting factors within the quality function in predictive control is described in [14] .
III. SIMULATION RESULTS
Simulation results for the proposed control strategies are presented. The specifications for the system in Fig. 4 are: L = 10 mH ; R L = 0.1 Ω ; C = 750 µF ; V pn = 1000 V ; V GRID = 400 V RMS ; f = 50 Hz ; T s = 100 µs.
The system with the three different controllers has been tested under a grid voltage dip type C with 50% voltage drop and 30° phase shift and a 90% grid voltage dip type B [15] . P and Q references are set to 10 kW and 0 VAR in steady-state and switched to 0 kW and 10 kVAR during the dip, in order to meet LVRT requirements [2] , [3] .
Results for the 50% grid voltage dip type C [15] depicted in Fig. 7 are shown in Figs. 8-11 for the three controllers. For the VCCF method, the current references are balanced, as depicted in Fig. 8a . Balanced grid currents are obtained, as illustrated in Fig. 9a . Good current reference tracking is observed by comparing Fig. 8a and Fig. 9a . The unbalanced grid voltages together with the balanced line currents causes the instant active and reactive power to oscillate. However, the average values show that only reactive power is delivered to the grid during the dip, as shown in Fig. 10a . The dc-link voltages are balanced in all conditions, as shown in Fig. 11a .
In contrast, for the DVCC1 and DVCC2 methods, unbalanced current references and grid currents are obtained, as can be appreciated in Figs. 8b, 8c, 9b and 9c. Accurate reference tracking is achieved. In addition, peak currents are larger than the VCCF method because the current reference generator does not directly control currents, but power. This could lead to filter saturation or line overcurrent.
For the VCCF method, note that instant active and reactive power oscillate, as shown in Fig. 10a . No oscillating active power is delivered to the grid with the DVCC1 method, but larger oscillating reactive power is found, as can be corroborated in Fig. 10b . In comparison to the VCCF method, the results with the DVCC2 method shown in Fig.  10c presents smaller oscillating active power but larger oscillating reactive power. Oscillating powers delivered to the grid can affect the control of the network voltage and frequency under distorted condition.
On the other hand, results for the 90% grid voltage dip type B [15] shown in Fig. 12 are illustrated in Figs. 13 to 16 for the three controllers. Note that these results corroborate completely the assertions made above for the grid voltage type C.
For the DVCC methods, a sequence separation method is needed to obtain positive-and negative-sequences of grid voltages and currents, in order to calculate current references. In this work, delayed signal cancellation [16] method has been used for this purpose. This technique presents an intrinsic delay of 5 ms (for a grid period T = 20 ms), which does not affect under steady state operation, but makes an inaccurate sequence separation during the first 5 ms after the appearance of any grid transient. During this interval of time, inaccurate values are fed back to the control system. The result of these inaccuracies can be observed in the currents and power performance results during the 5 ms after the fault appearance and clearance. Despite of these inaccuracies, the results obtained are satisfactory in all cases.
For the DVCC2 method, the grid currents ripple is significantly higher than for the VCCF and DVCC1 methods. This ripple has its origin at the current reference calculation, as can be observed in Fig. 8c and 13c . It is likely produced by the terms (P 2c * = −∆P 2c ; P 2s * = −∆P 2s ) used in (6). This ripple does not depend on the type of controller used, because it has been already observed in [6] , where a multivariable optimal control has been applied. This effect is also reflected in the dc-link unbalance voltage shown in Figs. 11c and 16c, which present different performance than the VCCF and DVCC1 methods.
The predictive current controller performance is fast, and accurate current reference tracking is found in all cases, as deduced by comparing current references and grid currents. Also, dc-link neutral point voltage is balanced in all cases, which can be appreciated in Figs. 11 and 16 . The simulation results demonstrate that all the three controllers fulfil the LVRT requirement. The three controllers regulate average active and reactive power as the LVRT requirement demands, and only average reactive power is delivered to the grid during the dip.
In comparison with the implementation in [6] , the proposed control approach presented here shows similar performance for VCCF and DVCC1, and slight better transient performance for DVCC2. 
IV. CONCLUSIONS
A predictive current controller for grid-connected NPC to meet LVRT requirements in wind power systems has been presented. Three current reference calculation methods for the predictive control have been considered.
In normal grid operation, the usual approach is to deliver line currents in phase with grid voltages, and the power is injected to the grid with unity power factor. However, the power factor can be regulated responding to the command from the electric power system operator. 
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When a grid dip appears, the current reference is changed to meet LVRT requirements. Current reference tracking performance given by the predictive controller is fast, accurate and presents no overshoot. All the three considered controllers comply with the LVRT requirements.
Oscillating instant active and reactive power are present during the dip, as a result of the unbalanced grid voltages and balanced grid currents. However, this is not an obstacle to verify LVRT requirements. Other control strategies in the literature avoid these oscillations, at the expense of having unbalanced grid currents.
In parallel, the predictive controller uses the redundant states of the three-level inverter to maintain the dc-link voltage balance for the three controllers in all conditions.
